Spectroscopic imaging of the SNR RCW 103 has revealed extensive emission in near{IR lines of H 2 and Fe II], where the blast wave is encountering a molecular cloud. The H 2 appears to be located outside the Fe II], a morphology which challenges our understanding of shock wave physics. It is suggested that reverse shocks may be responsible for the phenomenom.
Introduction
Supernova remnants (SNRs) undoubtedly play a critical role in the dynamic evolution of the interstellar medium (ISM) and the regulation of the galactic star-gas cycle (e.g., Dopita 1990 ). They enrich the metal content of the ISM, stir it up, compress and excite the gas, exhibiting this behaviour through emission across the entire electromagnetic spectrum. In particular, the expanding blast wave often overruns the dense gas of molecular clouds, resulting in molecular hydrogen (H 2 ) and Fe II] line emission in the near{IR, and stimulating a rich network of chemical reactions. This association of SNR with molecular clouds is commonly expected, since young, massive stars are the progenitors of the`type II' supernovae, which constitute about half of the supernovae in the Galaxy. It is reasonable to expect that in many cases part of the natal molecular cloud of the pre{SN star may still exist. Indeed, there is a good correlation between the positions of SNRs and molecular clouds (Huang & Thaddeus 1986 ), yet there is little evidence for direct interaction between them. The exception is IC443, an asymmetric`shell' SNR which is interacting with the natal molecular material (e.g., Braun & Strom, 1986 , Mufson et al. 1986 , White et al. 1987 Graham et al. 1987 , Burton et al. 1988 , 1990 Ziurys et al. 1989; Wang & Scoville 1992) . IC 443 has so far provided the only opportunity to study this environment in detail, and the identi cation of further such sources would be of great interest.
Although the discovery of the SNR | molecular cloud interaction in IC443 was originally made at cm wavelengths, with observations of emission from neutral hydrogen (HI) expanding within the remnant (DeNoyer 1978) , the emphasis of recent studies has shifted to mm, sub-mm and infrared molecular line observations of the various shocked species. It now appears that the global emission from IC 443 is dominated by IR lines. It is not clear, however, whether this type of interaction is typical. Instrumental capabilities in the infrared have, until recently, precluded the kind of surveys required to search large areas of sky for further examples of shocked molecular gas in SNRs. With the development of IR cameras this situation has now changed. Furthermore, millimetre wave interferometry has also progressed to permit resolutions of a few arcseconds when mapping molecular lines like CO and HCO + , comparable to the details now routinely visible in the near{IR. The high velocity resolution available with the millimetre lines thus can be used to directly complement the high spatial resolution of the near{IR. Using IRIS, the AAT's new IR array camera, we have commenced such a program to survey SNRs for shocked lines of molecular hydrogen. In this paper we present the rst results for the SNR RCW 103.
RCW 103 is one of the most powerful sources known of near{IR emission lines from a galactic SNR, dominated by FeII] and H 2 (Oliva, Moorwood & Danziger 1990 ). Partial mapping of the H 2 1{0 S(1) line by these authors revealed extensive emission from a region larger than the optical and X-ray size of the remnant. The excitation mechanism of the molecular gas, however, is an enigma; it would appear that neither shocks, UV-uorescence, nor X-rays are responsible for the H 2 line emission! The spectrum resembles that expected from a hydrodynamic jump-shock (e.g., Brand et al. 1988 ), but Oliva et al. rule this process out based on the morphology; the H 2 lies outside the shock-excited optical lines, yet must be produced in much slower shocks which could not have travelled so far. UV{ uoresence does not appear a viable mechanism, even in dense gas (c.f., Burton et al. 1990) , since the total line emission is than 1% of the far{IR emission from the source (a characteristic line / continuum ratio from photodissociation regions; c.f., Tielens & Hollenbach 1985) . Finally X-rays (c.f., Draine & Woods 1989 ) have been ruled out as an excitation mechanism since their total luminosity is much less than that of the emission lines.
Observations and Results
The data presented here were obtained using the IR camera IRIS (see Allen 1992) on the AAT in July 1991 and August 1992. An image of the H 2 1{0 S(1) line at 2.122 m, with 0.8" pixel scale, was obtained by mosaicing 55 individual frames together (see Fig. 1 ). Variable weather conditions result in a non-uniform sensitivity across the image, and the re ection of a bright star o the sky ba e produced an arc running NW{SE across the image. Nevertheless, in the image H 2 can clearly be seen arising from a lamentary structure within an incomplete shell some 7' (13 (d/6kpc) pc) across. There are two regions of emission, along the southern rim and in the NW of the remnant, which are similar in overall position and extent to the H 6563 A line emission seen on sky survey plates. A closer examination, however, shows that the H 2 is, on average, displaced further from the centre of the remnant than the Fe II]. 2.122 m and Fe II] 1.644 m images taken in photometric conditions, with 0.6" pixel scale, of the brightest portion of the southern rim. An H CCD image taken here is morphologically identical to the Fe II], although the intensity ratio of the two lines does vary somewhat. The H 2 is, on average, displaced some 10{15 arcsec further out than the Fe II], with the inner edge of the H 2 and the outer edge of the Fe II] just overlapping. Moreover, the morphology or`texture' is somewhat di erent; the Fe II] appears as a series of small shells, expanding from apparently di erent centres. The H 2 is generally smooth and more lamentary in nature, without the multishell appearance of the Fe II]. The brightest laments can be traced along the length of the emission region. Spectra taken at brightest spots of the Fe II] and H 2 laments are shown in Fig. 3 . They are typical of collisionally excited spectra, as will be discussed in the next section.
Discussion
We shall assume that shocks are responsible for the H 2 and Fe II] line emission, since, as discussed in the introduction, energetically UV or X{ray photons do not seem to provide a viable mechanism. This leads us to consider what can cause the observed morphology of the emission? It seems clear that we must be observing di erent shocks in the molecular (i.e., H 2 ) and atomic (i.e., H and Fe II]) gas. The spectra can certainly be modelled by collisional excitation in regions of di erent physical conditions. In Fig. 4 are shown models, overplotted on the data, for an H 2 spectrum produced by a 10 km s ?1 jump shock driving into molecular gas of density 10 6 cm ?3 , and for an Fe II] spectrum excited collisionally by electrons with density 4000 cm ?3 and temperature 5000 K. The latter conditions might be produced behind a 130 km s ?1 shock, as used by Dopita et al. (1980) to model the relative intensities of the optical spectrum. In both cases the model shocks produce reasonable ts to the observed spectra.
In deriving these ts it was necessary to assume an extinction to the emitting region for each species; for the H 2 this was a visual extinction, A V 20 mags. measurements of the H pro le, Meaburn and Allan (1986) argue that the bulk of the optical laments are produced by bow shocks around clumps of ambient material which are not taking part in the general expansion but have been overrun by the blast wave of the SN. Bow shocks around obstacles will appear as shells in an emission line image. There is certainly evidence for a series of shells in the Fe II] images, suggestive of di erent centres of expansion. However, although our view is certainly complicated by projection e ects, if these shells do represent bow shock structures around stationary clumps then they should be curved in the opposite direction to that of the expansion vector. In addition, this model cannot account for the molecular emission observed even further from the centre of the remnant than the Fe II].
The displacement of the molecular gas outside the atomic gas is the major problem to be faced by any model for the source. It is quite possible that projection a ects are responsible and the H 2 only appears to be further out than the Fe II]. Since only a small portion of the remnant has been imaged in both lines this behaviour may not apply elsewhere. However, it must surely then be fortuitous that the inner edge of the H 2 and outer edge of the Fe II] coincide.
Moreover, this behaviour is not unique to RCW 103. Graham et al. (1991a Graham et al. ( , 1991b have observed a similar phenomenon in the Cygnus Loop SNR, with ridges of H 2 line emission seen beyond laments of H . Graham et al. have a potentially promising model for this behaviour, excitation of the molecular gas by a magnetic precursor to the atomic shock. In low density gas with moderate magnetic elds, the ion-magnetosonic speed, V ims = ( B 2 4 i ) 1=2 can be considerably greater than the shock speed, V s (see Draine, 1980 ). The shock front is then preceded by a magnetic precursor which gradually compresses the eld and the gas ahead of it. Gas heating occurs from drag between the neutrals and the ions, as the ions stream under the in uence of the magnetic eld. Hence H 2 line emission could occur ahead of the atomic shock. Typical parameters derived in Cygnus for the emitting H 2 are n H 2 2 cm ?3 and T post?shock 20000 K. In both Cygnus and RCW 103 the H 2 spectrum is typical of collisionally excited gas in dense ( 10 5 cm ?3 ) 10{20 km s ?1 shocks. However, in the magnetic precursor model the density is well below that for thermal equilibrium ( 10 5 cm ?3 ). To obtain the observed line ratios requires that the collisional rate coe cients for H 2 are nely tuned to just the right value so that the vibrational level populations in v=1 and 2 are similar to those for gas in LTE at 2000 K.
Since the collisional rates are poorly determined, even for densities just below critical (see e.g., Burton et al., 1989) , these calculations are subject to considerable uncertainty. The resultant spectrum will also be sensitive to changes in physical parameters (see e.g., , with di erent line ratios expected if the density or shock velocity moves outside a small range of values. Hence, we might expect to observe di erent line ratios from position to position in the source. Furthermore, with a density of a few cm ?3 , unreasonably long path lengths through the gas, of order 1000 pc, are required to produce the observed extinction of A V 20 mags. We would also expect the H 2 and the Fe II] to have similar morphologies, since the precursor exciting the H 2 originates in the Fe II] shock. Yet the texture of their morphology is clearly di erent, and would argue against this model.
Another possibility for the Fe II] and H line emission is that it is excited in the reverse shock created after the blast run has overrun a dense molecular cloud. The shells might then represent the bow shock as the reverse shock overruns some denser condensations in the swept-up gas of the SNR. For instance, consider a blast wave propagating at V s = 150 km s ?1 through low density medium, of density n H = 100 cm ?3 , with a compression factor of 100 behind the shock front. Some dense knots will be created from the gas and will be swept along behind the front with a speed close to the shock velocity. If the blast wave then encounters a dense molecular cloud, of density say n H 2 = 10 6 cm ?3 , the shock wave will propagate back into the cloud with velocity V forward V s =10 = 15 km s ?1 (see, for instance, Moorhouse et al. 1991) , with a reverse shock moving into the the swept-up shell at V reverse = V s ? V forward = 135 km s ?1 . In this scenario, the physical parameters in the atomic gas are appropriate to the observed Fe II] line emission, and a series of shells can be expected around denser condensations overrun by the reverse shock. Similarly the conditions in the molecular gas are appropriate for the observed H 2 line emission. The separation of the H 2 and Fe II] emission is equivalent to a spatial separation of 0:1{0.2 pc, or a crossing time of 1000 years at the shock velocity. This therefore, would be the timescale that this structure would survive for.
Conclusions
The interaction of the SNR RCW 103 with a molecular cloud has been studied in the near{IR, and emission line maps produced in H 2 and Fe II]. The nature of this interaction is apparently quite di erent to that in the SNR IC 443. The H 2 forms an incomplete shell, overall similar in extent to the H line emission from the source. However the H 2 emission occurs outside that of the H and Fe II], despite the expectation that the gas is excited in slower shocks than these species. Moreover, the morphology of the emission is somewhat di erent, the Fe II] being composed of a series of shells and the H 2 comprising a smoother, more lamentary texture. Spectra of the emission lines show typical line ratios expected for collisionally excited gas behind shock waves, and the extinction to the lines suggests that the gas is embedded within, and not on the surface, of a cloud. The morphology presents a challenge to shock theories, and two possible models are discussed; a magnetic precursor to a fast shock in the atomic gas exciting molecular gas ahead of the shock, and a reverse shock propagating back into the swept-up atomic gas after the encounter of the blast wave with a dense molecular cloud. Several di culties are associated with the former model. The latter merits closer attention through hydrodynamical modelling.
